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Precision measurements of parity non-conserving (PNC) interactions in atoms, molecules and ions
can lead to the discovery of new physics beyond the standard model and understanding of weak-
force induced interactions in the nucleus. In this paper, we propose and analyze a novel atomic
parity violation measurement scheme for a forbidden transition where we combine a two-pathway
coherent control mechanism with probe gain techniques. We detail a feasible experimental geometry
for 6S1/2 → 7S1/2 transitions in a cesium vapor cell, and consider the statistical noise of such a
measurement under reasonable laboratory conditions. We estimate the signal-to-noise ratio to be
approaching ∼ 2.3/√Hz. This scheme, with low expected systematic errors, would allow for precise
measurements in cesium and other heavy metal systems.
I. INTRODUCTION
Precision measurements of the weak interaction,
first proposed in atoms by Bouchiat and Bouchiat [1,
2], have been observed and are currently in progress
on various parity non-conserving (PNC) transitions
in numerous media including atoms, molecules, and
ions. To date, the most accurate result is from the
Boulder group’s 1997 experiment [3] in an atomic ce-
sium beam measurement with a 0.35% uncertainty.
This measurement, in concert with precise theoret-
ical models of the cesium atom [4–6], allows for a
precise determination of the weak charge Qw. The
theoretical efforts of Refs. [4–6] have yielded a sub-
0.5% uncertainty calculation, and further develop-
ment of an improved atomic structure model of ce-
sium is underway [7, 8]. The Boulder group’s ex-
periment also produced a measurement of the nu-
clear anapole moment, which results from the weak
force within the nucleus [9, 10]. Their nuclear-spin-
dependent (NSD) measurement, however, is at odds
with other measurements of the anapole moment, as
discussed in Refs. [11–14]. No other significant de-
terminations of nuclear anapole moments in atomic
systems have been reported. In short, a new mea-
surement of PNC transitions with a lower uncer-
tainty is needed for probing of physics beyond the
standard model [13, 15–17] and resolving the dis-
crepancy the Boulder group reported in their mea-
surement of the nuclear anapole moment.
Several programs have recently reported exciting
progress in high precision weak measurements. An-
typas et al. [18] reported 0.5% uncertainty measure-
ments in the 6s2 1S0 → 5d6s3D1 transition at 408
a Current address: Lawrence Livermore National Lab, 7000
East Avenue, Livermore, CA, 94550
nm in four isotopes of ytterbium to show the de-
pendence of the weak interaction on the neutron
number. Their effort to measure the weak NSD
interaction continues [19]. The TRIUMF collab-
oration [20, 21] have been developing techniques
for trapping francium and have carried out pre-
liminary spectroscopic measurements of this unsta-
ble alkali metal atom. Their goal is to probe the
weak interaction in a chain of trapped francium iso-
topes. At Yale, the DeMille group has recently
reported [22, 23] progress in characterization and
suppression of systematic effects in 138Ba19F polar
molecule measurements toward the weak NSD mea-
surement in 137BaF.
Since the PNC transitions are so weak, their mea-
surement must in each case be carried out using in-
terference with a relatively stronger transition (e.g.
magnetic dipole (M1), electric quadrupole (E2),
or Stark-induced transitions). Optical rotation via
PNC and M1 interference was carried out with a
1% uncertainty in thallium [24, 25] and in lead [26],
and with a 2% uncertainty in Bismuth [27]. In
atomic beam measurements, a Stark-PNC interfer-
ence technique was used in cesium (e.g. [3]) and yt-
terbium (e.g. [18, 19]) with modulation of net tran-
sition rates detected through fluorescence detection.
In addition, the group of M. Bouchiat [28] has de-
veloped a pump-probe Stark-PNC interference tech-
nique for measurements in cesium where a high in-
tensity pulse excites the forbidden transition and a
moderate pulse probes the population asymmetry in
the excited states via gain polarization rotation de-
tection. This scheme has yielded 2.6% uncertainty
measurements [29, 30]. More recently, our group has
developed a two-color coherent control scheme where
an additional laser is added to “strongly” excite the
weak transitions. This technique displayed shot-
noise-limited detection in measurements of a weak
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26S1/2 → 8S1/2 Stark-induced transition [31, 32],
and was used to measure the magnetic dipole mo-
ment M1 on the 6S1/2 → 7S1/2 transition [33, 34]
in cesium. We are also working on a two-color opti-
cal and rf interference experiment to directly probe
the NSD interaction in the cesium ground hyperfine
states [35].
The novel technique that we outline in this pa-
per is a pump-probe gain scheme where we excite
the weak transition via two-color interfering interac-
tions with cw lasers and directly monitor the excita-
tion rate with a cw probe field through a stimulated
emission process. It involves interference between
a strong two-photon and weak one-photon (Stark-
induced and PNC) transitions. The primary observ-
able in this scheme is the modulation amplitude of
the probe gain signal as a function of the relative
phase difference between the two-photon and one-
photon transitions. This gain differs in several ways
from that observed previously [28–30]. First, two-
pathway coherent control techniques allow for direct
modulation of the gain signal. Secondly, it is not
based upon the asymmetry of the population of the
excited state and, hence, the observable is not the ro-
tation angle of the optical polarization of the probe
beam. And finally, our scheme involves cw rather
than pulsed lasers.
The paper is organized as follows; in Sec. II, we
detail the two-color coherent control technique for
a novel PNC-Stark interference measurement; in
Sec. III, we describe the pump-probe gain scheme
in cesium with reasonable experimental parameters
for 6S1/2 → 7S1/2 transitions; in Sec. IV we analyze
the systematic and statistical errors; and we sum-
marize our findings in Sec. V.
II. INTERFERING INTERACTIONS
We show a simplified energy level diagram of the
cesium atom in Fig. 1. The mutually-coherent exci-
tation laser field components, at wavelengths of λ =
1079 nm and 539.5 nm, drive the 6s2S1/2 → 7s2S1/2
transition. We label these levels |1〉 and |2〉, respec-
tively. The probe laser, which propagates parallel
to the excitation beams, will experience gain when
its frequency is resonant with the |2〉 → |3〉 transi-
tion due to the population in level |2〉. State |3〉 can
be either the 6p 2P3/2 level at a probe wavelength of
λpr = 1.47 µm or the 6p2P1/2 level at λ
pr = 1.36 µm.
We have considered several different potential
measurement geometries in order to evaluate their
utility in this type of gain measurement. Several
requirements must be satisfied. First, the two exci-
tation beams (the 1079 nm beam and the 540 nm
beam) must propagate co-linearly in order to main-
FIG. 1. (Color online) Abbreviated energy level dia-
gram of cesium. The two-color excitation lasers excite
the |1〉 → |2〉 (6s 2S1/2 → 7s 2S1/2) transition. One may
interrogate the 7s excitation by measuring the gain in
the probe laser beam, which is tuned to the |2〉 → |3〉
(7s 2S1/2 → 6p 2P3/2 or 7s 2S1/2 → 6p 2P1/2) transition.
The optical-phase-dependent population of the 7s 2S1/2
state results in a modulation of the probe laser gain.
tain a constant phase difference between the various
transition amplitudes for excitation of the 7s state
throughout the interaction region. Second, ∆F and
∆m for each of these transitions must be the same so
that the amplitudes interfere with one another. (F
andm are the quantum numbers representing the to-
tal angular momentum and its projection onto the z-
axis, respectively). After consideration of the selec-
tion rules for two-photon, Stark-induced, and PNC-
induced transitions, with various states of laser po-
larization, we have determined that the static elec-
tric field E0 (that is, the Stark-mixing field) must
be perpendicular to the propagation direction of the
excitation lasers, and that the electric field polar-
ization εgr of the green beam (at 540 nm) must be
parallel to the static field E0. We assign this direc-
tion as the z-direction, and show the experimental
geometry in Fig. 2. For this geometry, the projec-
tion quantum number m does not change for any
of the excitations; that is, only ∆m = 0 excitations
are allowed. Similarly, only ∆m = 0 transitions are
allowed in this two-photon excitation using equal fre-
quency photons, regardless of the polarization of the
1079 nm beam [36].
The total transition amplitude for excitation of
the 7s 2S1/2 state is the sum of amplitudes for the
individual distinct interactions. We show a repre-
sentation of these amplitudes in Fig. 3, including
the two-photon amplitude A2p driven by the 1079
nm laser (represented by the long, red solid arrow);
a Stark-induced amplitude ASt driven by the 540
nm beam, (the intermediate length, green, dashed
arrow); and a PNC amplitude APNC , also driven
by the green laser (the short, blue, dotted arrow).
3FIG. 2. (Color online) Experimental geometry for the proposed gain measurement. The excitation beams propagate
in the ±y direction, forming a standing wave pattern, in order to reduce the magnetic dipole contributions to the
excitation. The laser polarization of the green beam, the static electric field E0, and a static magnetic field B are
oriented along the z-direction. The polarization of the probe beam, which propagates co-linearly with the excitation
beams, can be in the z-direction to drive ∆m = 0 transitions to the 6p 2PJ level, or in the x-direction to drive
∆m = ±1 transitions.
For the geometry of the experiment described above,
these various transition amplitudes can be written as
A2p = α˜
(
εIR
)2
e−2iφ
IR
(1)
for two-photon excitation,
ASt = αE0ε
gre−iφ
gr
(2)
for Stark-induced excitation, and
APNC = i=(EPNC)CFmFmεgre−iφ
gr
(3)
for the weak-force-induced amplitude, where EPNC
is the purely imaginary dipole moment induced by
FIG. 3. (Color online) Representations of the transi-
tion amplitudes for excitation of two hyperfine compo-
nents (m < 0 on the left, m > 0 on the right) of the
cesium 7s 2S1/2 state. The long red solid arrow is the
two-photon amplitude A2p driven by the 1079 nm laser,
while the green dashed arrow and blue dotted arrow
show the Stark-induced amplitude ASt and the PNC
amplitude APNC , both driven by the 540 nm beam.
∆φ = 2φIR − φgr is the phase difference between the
IR and green beams. Note that the PNC amplitudes for
the two diagrams are reversed, resulting in different net
transition amplitudes of states m < 0 and m > 0.
the weak force, and = indicates the imaginary part.
We use the notation of Gilbert and Wieman [37] for
these transition amplitudes. εIR, εgr, and E0 rep-
resent the field amplitudes of the 1079 nm beam,
the 539.5 nm beam, and the static electric field, re-
spectively. We include the phases φIR and φgr of
the time-varying fields, since these parameters are
critical to the coherent sum of the amplitudes. The
parameter α is the scalar Stark polarizability (see,
for example, Ref. [38]), and α˜ is the two-photon mo-
ment. The Stark polarizability, calculated as
α =
e2
6
∑
n
[
〈7s||r||np1/2〉〈np1/2||r||6s〉(
1
E7s − Enp1/2
+
1
E6s − Enp1/2
)
−〈7s||r||np3/2〉〈np3/2||r||6s〉(
1
E7s − Enp3/2
+
1
E6s − Enp3/2
)]
,
has played a central role in the determination of
the weak charge Qw of the cesium atom. Its
value (in atomic units) using the latest experimen-
tal [39–48] or theoretical [38, 49] values available
for electric dipole matrix elements in cesium, is
α = −264.4 (6) a30, where a0 is the Bohr radius.
(To convert to SI units, divide by 6.06511 × 1040
J−1(V/m)2.) The two-photon moment, using the
perturbation expansion for the two-photon interac-
tion for a one-color laser beam tuned far from any
one-photon interactions in Ref. [50] is
α˜ =
e2
6
∑
n
[
〈7s||r||np1/2〉〈np1/2||r||6s〉
Enp1/2 − ~ω
+
〈7s||r||np3/2〉〈np3/2||r||6s〉
Enp3/2 − ~ω
]
The numerical value of the two-photon moment in
4our geometry is α˜ = 1006 (2) a30. The coefficients
CF
′m′
Fm come from the Clebsch-Gordon coefficients,
and for the transitions of interest here are
CF
′m′
Fm =
{
+m/4 for F = 4
−m/4 for F = 3
In addition to the two-photon, Stark, and PNC mo-
ments, the 6s 2S1/2 → 7s 2S1/2 transition is also
active through a magnetic dipole interaction and
an electric quadrupole interaction. The former can
be suppressed (with effort and care) using counter-
propagating excitation beams, as discussed in gen-
eral in Ref. [51, 52], and for two-pathway coherent
control in particular in Ref. [34]. The latter is not ac-
tive on a ∆F = 0 transition. We note that it will also
be necessary to inhibit the two-photon Doppler-free
transition, as this signal cannot interfere with the
Stark-induced or weak-force induced transition. The
simplest means of doing this will be to use orthog-
onal polarizations for the two counter-propagating
1079 nm laser fields.
From these expressions, one can identify the key
characteristics of the phasor representations of the
transition amplitudes shown in Fig. 3. Under the
conditions that we propose here, the two-photon
amplitude A2p is much larger than ASt or APNC .
(The relative lengths of the Stark and PNC ampli-
tudes are magnified in Fig. 3 for visibility. They
would be much smaller in practice.) The ampli-
tude of ASt is controllable, through variation of the
static field strength E0. As the phase difference
∆φ = 2φIR − φgr between the green and infra-red
beams is varied, the phase of ASt + APNC relative
to that of A2p varies, and the interference can be
varied between constructive and destructive. That
is, the net transition amplitude contains a large dc
term (due to the two-photon amplitude alone), plus
a small contribution that varies sinusoidally with
phase ∆φ.
When a probe laser is tuned to the 7s 2S1/2 →
6p 2PJ transition where J = 3/2 or 1/2, this probe
laser will stimulate a transition to the 6p 2PJ state,
and will be amplified as a result. The gain of this
beam depends on the population of the 7s 2S1/2
state, and varies with the magnetic component m,
the amplitude of the electric field E0, and the phase
difference ∆φ. This gain is the basis for the mea-
surement technique described here.
III. ESTIMATE OF PROBE LASER GAIN
In this section, we will evaluate the magnitude
of the gain coefficient of the probe beam resulting
from the population of the 7s 2S1/2 state. When
driven concurrently by the three interactions intro-
duced above, the total excitation rate of a ground
state atom to the 7s 2S1/2 state is
R = 2pi
~
|A2p +ASt +APNC |2ρ˜7s(E),
where ρ˜7s(E) is the density of states of the 7s
2S1/2
state. On resonance, the density of states is ρ˜7s(0) =
2/(pi~Γ), where Γ is the decay rate of the 7s state,
so the transition rate is
R = 4
~2Γ
|A2p +ASt +APNC |2.
The decay rate Γ is τ−17s , where τ7s = 48.28 ns is
the lifetime of the 7s state [53]. In steady state, the
probability that an atom is in the excited state is
ρ22 =
R
Γ
=
4
~2Γ2
|A2p +ASt +APNC |2. (4)
As shown in Meystre and Sargent [54], the gain
coefficient for the probe beam tuned to the frequency
of the |2〉 → |3〉 transition
γ =
iµ23k
ε0
ρ32
εpr
n, (5)
where µ23 is the electric dipole transition moment
for the |2〉 → |3〉 transition, k = 2pi/λpr is the
wavenumber of the probe beam, ε0 is the vacuum
permittivity, ρ32 is the off-diagonal matrix element
for the probe transition, and n is the number density
of the cesium atoms. (The sign of Eq. (5) is oppo-
site that given in Ref. [54], since they present the
absorption coefficient for the transition.) In steady-
state, the coherence term of the density matrix for
a three-level system is
ρ32 =
1
~
V32D32 [i (ρ33 − ρ22) +D31V12ρ21]
1 + |V12/~|2D31D32 , (6)
where
Dij = 1
γij + i∆ij
describes the variation of the atomic response with
detuning from resonance ∆ij ,
Vij = µijε
is the interaction energy with the laser field, and γij
is the decay rate of the atomic coherence. When
collisional effects are small (as in a low-density va-
por cell or in an atomic beam), one can substitute
γij → Γ/2. On resonance, therefore, where ∆ij = 0,
D32 is ∼ 2/Γ. Presuming that (i) the probe laser
intensity is below its saturation intensity Iprsat, and
5FIG. 4. (Color online) Energy levels showing hyperfine
states.
(ii) contributions to the gain from the second (coher-
ence) term in the numerator of Eq. (6) are negligible,
the off-diagonal element ρ32 is
ρ32 =
2iµ32ε
pr
~Γ
(τ6p ΣΓ2→3 − 1) ρ22. (7)
We have used the probability that an atom is in the
6p state following spontaneous decay from level |2〉
is ρ33 ∼ τ6p(ΣΓ2→3)ρ22, valid for low probe inten-
sity. τ6p is the lifetime of the cesium 6p state, and
ΣΓ2→3 is the total spontaneous decay rate leading
to population in the hyperfine component of level |3〉
(6p2P1/2 or 6p
2P3/2) coupled by the probe beam to
level |2〉. The lifetime of the 6p 2P3/2 state is 30.42
ns, and of the 6p 2P1/2 state is 34.83 ns [39–45, 48].
Inserting Eq. (7) for the off-diagonal matrix element
into Eq. (5), the gain coefficient becomes
γ =
2nk
~Γε0
|µ32|2 (1− τ6p ΣΓ2→3) ρ22. (8)
In our multilevel system, with degenerate levels
for the 6s, 7s, and 6p states, the PNC contribu-
tions to the gain coefficient from the different m-
states tend to cancel one another. (Due to the fac-
tor CF
′m′
Fm in the PNC amplitude, APNC for the hy-
perfine component m > 0 and APNC for the hy-
perfine component m < 0 are opposite in sign.)
Therefore, we need to lift the degeneracy of the indi-
vidual projection states by applying a dc magnetic
field B = azB0 to the atoms, and measure the gain
on just one Zeeman component of the probe tran-
sition. The Zeeman shift of each level is given by
∆E = −mgFµBB0, where gF is the Lande´ g-factor
and µB = 9.274× 10−24 J/T is the Bohr magneton.
We label the Lande´ g-factors for each of the relevant
levels in Fig. 4. Note that the g-factors are the same
for levels |1〉 and |2〉, so the transition frequency for
the ∆F = 0, ∆m = 0 excitation of the 7s 2S1/2 state
is insensitive to the application of B. For individual
probe transitions |2〉 → |3〉, the Zeeman shifts of the
upper and lower states differ, and the transition fre-
quencies for the individual lines are separated from
one another.
The Zeeman splitting ∆νZ between adjacent
lines of the probe spectrum is the least of
|gF ′ − gF ′′ |µBB0/h, 2|gF ′′ |µBB0/h, and |3gF ′ −
gF ′′ |µBB0/h, where h is Planck’s constant. We use
primed notation for 7s2S1/2 quantities and double-
primed notation for 6p2PJ quantities. This splitting
must be larger than the linewidth of the transition,
which for the probe laser is limited by the natural
linewidth of the transition, ∼8 MHz. (The probe
transition is Doppler free, even when the measure-
ments are carried out in a heated vapor cell, since
only atoms whose longitudinal velocity vy is zero are
excited by the excitation fields when the frequency of
the excitation field is tuned to line center.) Inserting
the excited state population ρ22 from Eq. (4), and as-
suming that the initial state population is uniformly
distributed over each of the 16 hyperfine components
of the ground state, the gain coefficient becomes
γ = K0χ|µ32|2|A2p +ASt +APNC |2, (9)
where the factor K0 is
K0 =
nk
2(~Γ)3ε0
(10)
and
χ = 1− τ6p ΣΓ2→3. (11)
Since A2p  ASt and APNC , when we expand
the square in Eq. (9), we can drop the terms that
contain A2St, AStAPNC , and A
2
PNC , and write
γ = K0χ|µ32|2
{
|A2p|2
+
(
A2p
[
ASt +APNC
]∗
+ c.c.
)}
.
The gain coefficient γ, which consists of three terms,
depends on the polarization of the probe beam, the
phase difference between the IR and green beams,
and the direction and magnitude of the applied dc
electric field E0. We write the gain coefficient as
γ = γ2p + γSt + γPNC ,
where γ2p is the gain coefficient due to the two-
photon excitation of the 7s state alone,
γ2p = K0χ|µ32|2|A2p|2,
6γSt is the gain coefficient that arises from the inter-
ference between the two-photon excitation and the
Stark-induced excitation
γSt = K0χ|µ32|2
{
|A2p| αE0εgrei∆φ + c.c.
}
,
and γPNC is the gain coefficient that arises from the
interference between the two-photon excitation and
the weak-force-induced excitation
γPNC = K0χ|µ32|2
{
|A2p| i=(EPNC)
CF
′m′
Fm ε
grei∆φ + c.c.
}
.
We list the transition moments, the population
factor χ, CF
′m′
Fm , and the Zeeman peak separation
∆EZ for selected lines in Table I.
As an example, we consider in detail the gain on
the 7s 2S1/2, (4, 4)→ 6p 2P3/2, (5, 5) probe transi-
tion. (The numbers enclosed within the parentheses
are F and m for the two states.) The PNC gain is
largest on this line, and the Zeeman peak separation,
while not maximal, is sufficient. The individual gain
coefficients are
γ2p = K0χ
(
e2
4
|〈7s||r||6p3/2〉|2
)
|A2p|2, (12)
γSt = K0χ
(
e2
4
|〈7s||r||6p3/2〉|2
)
×|A2p|αE0εgr2 cos(∆φ), (13)
and
γPNC = K0χ
(
e2
4
|〈7s||r||6p3/2〉|2
)
×|A2p|=(EPNC)εgr(−2) sin(∆φ). (14)
Each of these gain coefficients contains the factor
K0e
2|〈7s||r||npj〉|2 = nke
2
2(~Γ)3ε0
|〈7s||r||npj〉|2,
so we will start by evaluating this. We use
• n = 3.7 × 1012 cm−3. We derive this effective
density using the equilibrium vapor density of
cesium at a temperature of 180◦C (8.3 × 1014
cm−3), reduced by the factor ∆νn/∆νD for the
6s → 7s transition, where ∆νn is the natural
linewidth (∆νn = 3.3 MHz) for the transition
and ∆νD is its Doppler width (∆νD = 750
MHz).
• k = 2pi/λpr = 4.27×104 cm−1 for the 1.47 µm
probe beam and 4.62 × 104 cm−1 for the 1.36
µm probe beam.
• Γ = τ−17s = 2.1× 107 s−1 [53].
• 〈7s||r||6p3/2〉 = 6.487 a0 and 〈7s||r||6p1/2〉 =
4.245 a0, as determined from the lifetime of
the 7s state τ7s = 48.28 ns [53] and pre-
suming the ratio of transition moments is
〈7s||r||6p3/2〉/〈7s||r||6p1/2〉 = 1.528 [55–58].
The common factor K0e
2|〈7s||r||npj〉|2 is
K0e
2|〈7s||r||6p3/2〉|2 = 2.6× 1059 J−2m−1 (15)
for the 1.47 µm line, and
K0e
2|〈7s||r||6p1/2〉|2 = 1.2× 1059 J−2m−1 (16)
for the 1.36 µm line. These pre-factors show that the
gain is typically larger on the 7s 2S1/2 → 6p 2P3/2
probe transition than on the 7s 2S1/2 → 6p 2P1/2
line.
Finally, we must determine the transition ampli-
tudes A2p, ASt, and APNC . Using α˜ = 1006 a
3
0,
we determine the two-photon transition amplitude
A2p = α˜
(
εIR
)2
and the transition rate R2p. As-
suming the power of the 1079 nm beam as 5 W, and
a Gaussian beamshape with the radius of the beam
as wIR ∼ 1.0 mm, the field amplitude on the axis is
εIR = 4.9× 104 V/m.
Then the two photon amplitude, from Eq. (1), is
A2p/~ = 3.8× 105 s−1, (17)
the two-photon excitation rate R2p alone (that is,
without the Stark or PNC contributions) is
R2p = 4
Γ
(
A2p
~
)2
= 2.8× 104 s−1,
and the net probability of finding an atom in the
excited state is
R2pτ7s ' 0.0013.
As required to avoid saturation effects, this proba-
bility is much less than unity.
We use the values for K0e
2|〈7s||r||npj〉|2
(Eq. (15)) and A2p (Eq. (17)) to find the on-axis
gain coefficient γ2p.
γ2p = 81 m
−1.
We define the gain factor due to the two-photon ex-
citation alone as
G2p ≡ γ2p`gain = 8.1,
where we use a vapor cell length `gain = 10 cm, as-
suming good beam overlap between the probe beam
and the excitation beams over the full length.
7Probe Probe F ′,m′ → F ′′,m′′
∣∣∣∣ µ32e〈7s||r||6pJ〉
∣∣∣∣2 χ CF ′m′Fm ∆νZ/B0
transition pol. (MHz/G)
4, 4→ 5, 5 1/4 = 0.250 0.796 +1 0.210
7s 2S1/2 horiz. 4, 3→ 4, 4 7/240 = 0.029 0.881 +3/4 0.023
→ 6p 2P3/2 3, 3→ 2, 2 5/28 = 0.179 0.796 -3/4 0.117
(1.47 µm) vert. 4, 4→ 4, 4 7/60 = 0.117 0.881 +1 0.023
3, 3→ 3, 3 9/64 = 0.141 0.847 -3/4 0.350
7s 2S1/2 horiz. 4, 4→ 3, 3 7/24 = 0.292 0.810 +1 0.467
→ 6p 2P1/2 3, 3→ 4, 4 7/24 = 0.292 0.852 -3/4 0.233
(1.36 µm) vert. 4, 4→ 4, 4 1/6 = 0.167 0.894 +1 0.233
TABLE I. Squares of transition moments for several possible probe transitions. We also list the population factor χ,
the angular momentum coefficients CF
′m′
Fm and the Zeeman peak separation between magnetic components ∆νZ/B0
for each of these lines.
We next evaluate the gain coefficient γPNC which
comes from the interference between the two-photon
interaction and the PNC interaction. For this, we
need the PNC moment =(EPNC) and the field am-
plitude εgr of the green beam. (The product of
these two terms gives us the amplitude |APNC |
of the 6s 2S1/2, (4, 4) → 7s 2S1/2, (5, 5) com-
ponent.) The calculated value of EPNC is about
i0.9× 10−11(−Qw/N) ea0, where (Qw ∼ −76 is the
weak charge and N = 78 is the neutron number of
cesium [4–6]. (This is converted to SI units using
ea0 = 8.4735× 10−30 Cm.) Presuming a green laser
power of 3 W and a beam radius of wgr = wIR/
√
2,
the field amplitude of the green beam is
εgr = 5.4× 104 V/m.
The PNC amplitude for the m = 4 level is then
|APNC/~| = =(EPNC)εgr/~ ≈ 0.038 s−1. (18)
Using Eqs. (14, 15, 17, and 18), the amplitude of the
gain coefficient γPNC is therefore
|γPNC| = 1.6× 10−5 m−1,
and the gain factor is
GPNC = |γPNC|`gain = 1.6× 10−6.
The gain GSt due to the Stark-induced amplitude
is variable, since this gain depends on the applied dc
electric field E0. In a measurement, one would apply
a field E0 that produces a gain GSt comparable to
the PNC gain. Therefore we rely on our evaluation
of GPNC, and identify the range of values for GSt
between zero and ∼ 4×GPNC.
IV. MEASUREMENT SCHEME
In a measurement of the gain in this system, we
need to be able to separate the three gain contribu-
tions G2p, GSt, and GPNC from each other, and to
use the Stark gain to calibrate the measurement of
the PNC gain. In our proposed scheme, we exam-
ine the gain for a horizontally-polarized probe beam
passing through the gain region, tuned to the se-
lected Zeeman-shifted hyperfine component of the
gain transition. In this geometry, one could detect
the increase in the probe power, and exploit the fol-
lowing signatures of the three contributions to the
gain to differentiate them. The two-photon gain G2p
does not depend on ∆φ, the phase between the green
and IR beams, while GSt and GPNC do. And while
GSt and GPNC each modulate sinusoidally with ∆φ,
these gains are pi/2 out of phase with each other,
Iprout = I
pr
in
(
eG2p+GSt cos(∆φ)−GPNC sin(∆φ)
)2
≈ Iprin e2G2p
(
1 + 2GSt cos(∆φ)
−2GPNC sin(∆φ)
)
.
Therefore, the amplitude of the sinusoidally-varying
modulation of the net gain is the quadrature sum of
these individual gain terms,
Gmod =
√
G2St +G
2
PNC. (19)
That is, the gain modulation amplitude grows hy-
perbolically with the static field strength E0, as we
show in Fig. 5, and measurements of Gmod vs. E0
can yield EPNC/α. This is a feature that we have
designed into our previous coherent control schemes
as well. A complete determination requires repeated
8FIG. 5. (Color online) A plot of the amplitude of the
modulating gain Gmod, normalized by GPNC, versus the
static electric field strength E0. The field amplitude is
in units of EPNC/α.
measurements at each field strength E0, and mea-
surements at several different values of E0; in all,
perhaps 20–25 measurements.
We can estimate the signal-to-noise ratio (S/N) of
such a measurement as follows. We assume that the
intensity of the probe beam after amplification by
the gain medium is one-tenth the saturation inten-
sity Isat of the probe transition, which we estimate
as
Isat ≈ cε0Γ
2
2e2|〈7s|r|6pj〉|2 ∼ 0.2 mW/cm
2
for the 7s 2S1/2, (4, 4) → 6p 2P3/2, (5, 5) probe
line, where c is the speed of light in vacuum. (The
probe beam intensity can influence the precision of
the measurement, since saturation effects can sup-
press the gain. High precision measurements will
require a probe intensity much less than Isat, but
due to the gain within the vapor cell, saturation ef-
fects are not an issue at the entrance of the cell, but
only towards the exit. The limiting input intensity
is difficult to estimate in advance.) This beam will
overlap and be parallel to the excitation beams; we
choose a probe beam radius that matches that of
the 540 nm beam, wpr = wgr, so the power of the
probe beam after amplification in the vapor cell is
P prout = I
pr
in e
2G2ppi(wpr)2/2 = 0.16 µW. The photo-
diode signal S that one would measure is
S = SPDP
pr
out (2×GPNC) ,
where SPD is the sensitivity of the photodiode used
to measure the probe beam power (0.9 A/W for In-
GaAs photodiode from Hamamatsu, for example).
This yields
S = 0.5× 10−12 A.
The noise of the measurement will be primarily
shot noise arising from the large dc component of the
probe beam power P prout. This property is a charac-
teristic of heterodyne detection, for which the signal
consists of a large dc term (in this case due to two-
photon absorption) alone, plus a modulation term
due to the interference between the strong (two-
photon amplitude) and the weak (Stark and/or PNC
amplitudes) term. We estimate the level of the shot
noise using
i2N = 2eI∆ν,
where e = 1.6 × 10−19 C is the fundamental charge
unit, I = SPDP
pr
out is the average photo-current gen-
erated by the photodetector, and ∆ν is the band-
width of the detector. The signal-to-noise ratio is
S/N =
2SPDP
pr
outGPNC√
2e(SPDP
pr
out)∆ν
=
√
2SPDP
pr
out
e∆ν
GPNC.
Using the parameters we have discussed above, the
S/N ratio is
S/N ∼ 2.3
√
t(s), (20)
where t = 1/∆ν is the integration time of a mea-
surement. For example, to achieve a S/N ratio of
100 in a single measurement, an integration time of
21 minutes is required.
While direct comparison of the S/N ratio between
measurements is difficult because of the many dif-
ferent parameters used, the potential of the pro-
posed gain measurement technique is promising.
The Bouchiat group’s pump-probe gain polariza-
tion rotation experiment [28–30] yielded an S/N of
∼ 0.9√t(s) with a reasonable pulse repetition rate
and optical density. (We arrived at this expres-
sion using the equation in Section F of Ref. [29].)
The Boulder group’s atomic beam measurement in
1997 [3, 59] yielded an S/N ratio of ∼ 0.6√t(s), and
the ytterbium measurements by Antypas et al. [18]
reached a S/N ∼ 0.55√t(s). Both of these measure-
ments employ a power build-up cavity to enhance
the field amplitude. We emphasize that we derived
Eq. (20) for the present gain measurement for the
case of no power build-up cavity. Further improve-
ment in the S/N is possible with a dual-wavelength
(1079 nm and 539.5 nm) power build-up cavity in
our gain measurement scheme. A fine-temperature-
controlled vapor cell with a minimal reflection loss at
the windows [60] can be placed inside a high finesse
cavity to increase the PNC gain by several times,
which may enhance the S/N by the same factor.
Such a cavity geometry may complicate the experi-
mental setup, but we concluded that no additional
systematic effects would be introduced due to the
cavity.
9It is interesting to speculate as to whether this
probe gain detection technique can be competitively
applied to an atomic beam experiment. We have
evaluated the S/N ratio for our current experiment,
replacing our current detection scheme based upon
fluorescence detection on a cycling transition such
as described in Refs. [3, 33] with a detection scheme
based on probe gain, but keeping all other aspects
of the experiment, such as beam density, the size
and power of the excitation laser, the same, and find
that the S/N ratio of a PNC measurement using the
probe gain technique can be as much as twice that
of the fluorescence detection method.
Atomic parity violation experiments are notorious
for their sensitivity to systematic errors introduced
by stray uncontrolled dc electric and magnetic fields
and small alignment imperfections between B, E0,
and εgr. We have previously reported on the ex-
pected systematics for this geometry of the excita-
tion beams in Ref. [34]. In that work, we showed
that many systematic effects encountered in previ-
ous measurements are reduced or eliminated in the
two-pathway coherent control schemes through the
use of (i) low amplitude static electric fields, and
(ii) modulation of the frequency of the phase differ-
ence ∆φ, combined with phase-sensitive detection.
As shown in Sec. IV of Ref. [34], the primary sys-
tematics that are expected in the geometry of the
proposed measurement are due to stray static elec-
tric field components in the x-direction ∆Ex of the
form α∆Ex(ε
gr
x )
′′, and M1(εgrx )
′′, where (εgrx )
′′ is the
imaginary component of the 540 nm beam in the x-
direction. (This component exists only when the
optical polarization is slightly elliptical.) Reduction
of the former requires weak stray fields ∆Ex, while
the latter is reduced by using counter-propagating
beams of equal intensity. Both effects are reduced by
using a highly-linearly-polarized 540 nm laser beam.
We estimate that these unwanted contributions can
reasonably be controlled to levels less than 10−4 of
the PNC contribution.
V. SUMMARY
In this report, we have proposed and analyzed a
new scheme in which one may detect the gain in
a probe laser beam in two pathway coherent con-
trol to determine the amplitude of the parity non-
conserving weak-force-induced electric dipole ampli-
tude. While we have considered specifically the ce-
sium 6s 2S1/2 → 7s 2S1/2 transition in this work,
with the probe beam tuned to the 7s 2S1/2 →
6p 2P3/2 transition, the probe laser could in prin-
ciple be tuned to any 7s 2S1/2 → np 2P3/2, where
n > 6, as well. Our choice of n = 6 is guided by three
factors: (i) For n = 6, the probe beam is amplified,
rather than attenuated as it would be for n > 6. The
larger probe beam power after amplification aids in
the detection sensitivity. (ii) The dipole moment
for the transition to n = 6 is larger, leading to rela-
tively large gain. (iii) The wavelength for the probe
transition to the 6p 2P3/2 can be generated with a
commercially-available diode laser.
We also suggest that the probe gain technique dis-
cussed in this paper could in principle be applied
to PNC investigations in other heavy atomic sys-
tems. For instance, the TRIUMF collaboration has
taken steps to measure the PNC amplitudes in ru-
bidium in parallel with a measurement in a francium
MOT [20]. Our technique can be easily adopted
for the PNC measurement in a rubidium vapor cell,
since it is the second heaviest stable alkali metal.
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